Abstract The catabolism of glucose and xylose was studied in a wild type and creA deleted (carbon catabolite de-repressed) strain of Aspergillus nidulans. Both strains were cultivated in bioreactors with either glucose or xylose as the sole carbon source, or in the presence of both sugars. In the cultivations on single carbon sources, it was demonstrated that xylose acted as a carbon catabolite repressor (xylose cultivations), while the enzymes in the xylose utilisation pathway were also subject to repression in the presence of glucose (glucose cultivations). In the wild type strain growing on the sugar mixture, glucose repression of xylose utilisation was observed; with xylose utilisation occurring only after glucose was depleted. This phenomenon was not seen in the creA deleted strain, where glucose and xylose were catabolised simultaneously. Measurement of key metabolites and the activities of key enzymes in the xylose utilisation pathway revealed that xylose metabolism was occurring in the creA deleted strain, even at high glucose concentrations. Conversely, in the wild type strain, activities of the key enzymes for xylose metabolism increased only when the effects of glucose repression had been relieved. Xylose was both a repressor and an inducer of xylanases at the same time. The creA mutation seemed to have pleiotropic effects on carbohydratases and carbon catabolism.
Introduction
Xylose is the second most abundant sugar in nature, being a component of the heteropolymer hemicellulose. Hemicellulose accounts for approximately one-third of lignocellulose (depending on the source), which is a renewable carbon source available in vast quantities throughout the world (Detroy and Julian 1983; Fengel and Wegener 1984; Aristidou and Penttilä 2000) . For this reason xylose represents an attractive substrate for the large-scale cultivation of micro-organisms with the aim of producing low cost, value-added products of metabolites and industrial enzymes [xylitol and hydrolytic enzymes (xylanases)] (Haltrich et al. 1996; Parajó et al. 1998a Parajó et al. , 1998b .
Studies on the utilisation of xylose as a carbon source in industrial fermentations have focussed on the production of bio-ethanol as an alternative fuel to gasoline (Meinander et al. 1999; Zaldivar et al. 2001) . One of the main goals in these studies has been the construction of an efficient biocatalyst capable of fermenting a variety of sugars while being able to tolerate the harsh conditions inherent in a lignocellulosic hydrolysate (Zaldivar et al. 2001) . However, glucose and other utilizable carbon sources in these compounds have been reported to prevent the synthesis of enzymes involved in carbon metabolism, an effect known as carbon catabolite repression that is mediated by the gene creA (Arst and Cove 1973; Bailey and Arst 1975) , (creB, creC and creD are also involved with some carbon sources) (Hynes and Kelly 1977) . Several studies have reported creA-mediated repression of the enzymes in the xylose metabolic pathway (Piaeaga et al. 1994; de Vries et al. 1999; Orejas et al. 1999) . The effects of pH, which affect enzyme levels, are also taken into account Orejas et al. 1999; Bruno-Bµrcena et al. 2002) . Xylose itself has been reported to have a repressing and inducing effect on xylanase production (Orejas et al. 1999) .
While many efforts have been made to construct yeast or bacterial strains with the correct set of desirable traits for metabolism of hexoses and pentoses (Picataggio et al. 1997; Meinander et al. 1999) , many filamentous fungi have the ability to utilise a range of hexoses and pentoses, and at the same time are natural secretors of hydrolytic enzymes (Haltrich et al. 1996; Pedersen et al. 1999; Silva et al. 2001) . Investigation of the pathways of sugar catabolism in these organisms may therefore lead to design of strategies for optimisation of fungal strains that have an efficient utilisation of xylose (as well as sugars present in hemicellulose). Such strains may be used for cheaper production of classical products like citric acid and industrial enzymes but also as cell factories for production of novel commodity products.
The aim of this study was to investigate the utilisation of xylose by Aspergillus nidulans in submerged batch cultivations. During growth of this organism on rapidly fermentable sugars, some of the enzymes involved in the pathway of more slowly fermentable sugars are repressed. Therefore, glucose is utilised in preference to xylose. This repression is mediated via the product of the creA gene (Ronne 1995; van der Veen et al. 1995; Orejas et al. 1999) . In order to perform a quantitative study on the effect of glucose repression on xylose metabolism, the growth and carbon source utilisation of a wild type and creA deleted strain were compared during growth on glucose and xylose as sole carbon sources and on mixtures of these two sugars. Determination of the levels of key enzymes allowed a description of creA involved in carbon catabolite repression and enzyme induction by both glucose and xylose.
Materials and methods

Strains
Wild type (A28, wild type; pabaA6 biA1) and creA deleted (TA1) strains (Agger et al. 2001a ) of A. nidulans were used in this study. The TA1 strain was derived from the parent strain creA4 (yA1, riboB2, creA) (Shroff et al. 1997) by transformation with the TAKA-amylase gene from Aspergillus oryzae (Kato et al. 1997) , and it therefore produces large amounts of amylase compared to the wild type. The strains were propagated on rice to produce high numbers of spores. The spores were then harvested in a 0.1% Tween 80 solution and frozen at 80C in 1 ml aliquots in 20% glycerol. All experiments were performed using the same batch of spore suspensions. For batch cultivations, one aliquot of spores was used to inoculate a flask containing 28 g rice autoclaved with 6 ml YPG medium (McIntyre et al. 2001) . The spores resulting after 7 days incubation at 30C were used to inoculate the batch fermenters at a concentration of 10 9 -10 10 spores/l (Agger 1999) . Cultivations were performed in 5 l in-house built bioreactors using a medium following the method of McIntyre et al. (2001) (for the A28 strain) and Agger et al. (2001b) (for the recombinant strain TA1). Glucose, xylose, or an equal mixture of the two sugars were used as carbon sources (with a total carbon source concentration of 10 g/l in all cultivations). Cultivations were carried out at 30C until the carbon sources had been exhausted. Culture pH was automatically controlled at 6.0.
Dry biomass and sugar determination
The biomass content was determined by filtering whole medium samples through Whatman No.1 filter paper. The filter cakes were washed twice and dried at 105-110C for 24-48 h until a stable weight was achieved. Sugar concentration in the filtrate (glucose and xylose) was determined by using HPLC (Dionex, Sunnyvale, Calif.), with a PA1 column.
Total protein determination
Total protein content was determined using Bio-Rad assay (BioRad, Hercules, Calif.) implemented on a Cobas Mira analytical robot (Boehringer Mannheim, Germany). A standard curve was constructed using BSA standards in the range 0.05-0.34 g/l.
Xylitol determination Intracellular xylitol was extracted using a method modified from that of Witteveen et al. (1994) . Freeze-dried mycelium was ground in liquid nitrogen and extracted in 2 ml 10% (v/v) perchloric acid containing 0.01% protease (Sigma, St. Louis, Mo.; Type XXIII from A. oryzae, 3.6 U/mg solid) per 50-100 mg mycelium. The solution was shaken for 30 min at 0-3C. Water (2 ml) was then added and the mixture centrifuged at 15,000 g for 15 min. The solution was neutralised with KHCO 3 and centrifuged again to remove the KClO 4 precipitate. The cell-free extract was used directly for HPLC analysis.
Xylitol was determined using HPLC (Dionex), with an MA1 column and a procedure modified from that of Witteveen et al. (1994) ; 612 mM NaOH was used as the eluent at 0.4 ml/min. Xylitol was detected by an electrochemical detector and the concentration was estimated from a standard curve (in the range 10-100 mg/l).
b-Xylosidase and endo-xylanase activity b-Xylosidase activity was determined by using p-nitrophenyl-b-dxylopyranoside (PNX) dissolved in citrate buffer (pH 4.0). Sample plus substrate (total volume 1 ml; final concentration of PNX 0.2 mM) were incubated at 30C for 10 min and the reaction was stopped by adding 0.5 ml 0.25 M sodium carbonate. The OD at 410 nm was measured and compared with a p-nitrophenol standard. One unit of enzyme activity was the amount of enzyme that released 1 mmol p-nitrophenol under the same conditions. Endo-xylanase activity was determined following the procedure of Megazyme (Bray, Co. Wicklow, Ireland). Azo-xylan from oat spelt (Megazyme) was used for endo-xylanase activity assays. Endo-xylanase was analysed using 5.75 mg/ml azo-xylan containing 100 mM sodium acetate buffer pH 4.6 and culture filtrate. The reaction mixture was incubated at 30C for at least 10 min; the reaction was then stopped by adding two volumes 96% ethanol and vortexing vigorously. The reaction mixture was left at room temperature for 5 min than centrifuged at 4,000 rpm for 5 min. The OD at 595 nm was then measured and values compared with standard endo-xylanase from A. niger (Megazyme). All enzymes were based on duplicate experiments.
Xylose reductase and xylitol dehydrogenase activity Xylose reductase (XR) and xylitol dehydrogenase (XDH) extraction methods modified from those of Witteveen et al. (1994) were used. Freeze-dried mycelium was ground in liquid nitrogen and 20 mM potassium phosphate containing 5 mM MgCl 2 and 1 mM bmercaptoethanol was used to suspend the enzymes. The suspensions were left in ice for about 1 h then centrifuged at 10,000 g for 10 min to remove the residue. The supernatants were kept at 20C until analysed.
XR and XDH activity assays were modified from those of Walfridson et al. (1997) . The activity was measured spectrophotometrically at 340 nm to monitor oxidation of NADPH for XDH or reduction of NAD + for XR. For analysis of XR, the reaction mixture contained 0.1 M sodium phosphate buffer (pH 7.0), 0.2 M xylose, and 0.15 mM NADPH. For analysis of XDH, the reaction mixture composition was as follows: 0.1 M Tris/HCl (pH 9.0), 1 mM MgCl 2 , 50 mM xylitol and 5 mM NAD + . The specific activities of the enzymes were expressed as the amount of enzyme producing or consuming 1 mmol NAD(P)H per milligram protein in the cell extracts. The extinction coefficient for NAD(P)H at 340 nm is 6.22 cm 2 /mol.
Results and discussion
Growth, sugar consumption and extracellular enzyme activities
The results of cultivation on single carbon sources are given in Table 1 . The specific growth rates for the creA deleted strain were lower on both glucose and xylose than the values obtained for the wild type strain. This was probably due to the effects of the mutation on growth (as also reported by Piaeaga et al. 1994; Agger 1999) . Yields of the key enzymes involved in xylose catabolism (xylanase and xylosidase) were significantly higher in the creA mutant during growth on xylose than the values obtained for the wild type strain growing on the same carbon source. Previously, it has been reported that xylanase genes are controlled by at least three mechanisms, including induction by xylose, pH and carbon catabolite repression (Orejas et al. 1999 ). The results presented in Table 1 suggest that xylose itself also represses the transcription of the enzymes involved in xylose catabolism, through the action of CreA.
The wild type strain of A. nidulans (A28) was cultivated in batch fermentation on a combination of glucose and xylose (5 g/l each) (Fig. 1a) . Glucose was consumed faster than xylose, and the maximum specific growth rate was 0.22 h 1 . The maximum biomass concentration obtained was 5.83 g DW/kg.
The carbon catabolite derepressed strain (TA1) was cultivated under the same conditions, and the results are shown in Fig. 1b . The maximum specific growth rate was 0.17 h 1 , and the maximum biomass concentration was 5.57 g DW/kg. The lower specific growth rate compared with the wild type strain is consistent with earlier reports (Arst et al. 1990; Agger et al. 2001b) . Aberrant growth, accompanied by an altered morphology with small, thick, hyperbranched hyphal elements compared to the longer and less branched hyphae of the reference strain, has previously been observed in this strain when sugars were abundant (Agger et al. 2001b ). In the derepressed strain, glucose and xylose were consumed in parallel at almost the same rate.
To illustrate the effect of the alleviation of glucose repression on xylose utilisation in the TA1 strain, glucose concentrations were plotted against xylose for the batch fermentations with the wild type and derepressed strains (Fig. 2) . The straight line obtained with the TA1 strain shows that there is parallel consumption of glucose and xylose, which indicates derepression of glucose upon xylose utilisation. There was no effect on xylose utilisation even at high concentrations of glucose, i.e. both sugars were taken up simultaneously. For the wild type strain (A28), glucose seemed to be a repressor for xylose utilisation. At high concentrations of glucose, almost no utilisation of xylose was observed. As glucose decreased, utilisation of xylose began and the consumption rate increased rapidly as the glucose concentration approached zero.
Extracellular enzyme activities were measured in order to study the effect of glucose on xylose utilisation in more detail, and to compare the activities in the wild type and derepressed strain. In the wild type strain (Fig. 1a) , xylanase activity was first detected around the point of glucose depletion (about 0.4% of the xylose present), with activity increasing over the remainder of the time course. This indicates the repressing effect of glucose on the use of less favourable carbon sources. b-Xylosidase activity was first detected during the early stationary phase, around the point of xylose depletion, when no carbon sources were available in the medium. It is also likely that xylose itself acts as both repressor and inducer and is involved in carbon catabolite repression of xylanases (Table 1) . The highest enzyme activities of both enzymes were observed in the last hour of sampling (43 h), 186 mU/ml and 0.057 U/ml for xylanase and b-xylosidase, respectively (Fig. 1a) .
In the de-repressed strain, the xylanase activity increased in parallel with growth (Fig. 1b) . In contrast, b-xylosidase was produced only when both sugars were depleted or at about 0.15% of the xylose present. The highest xylanase activity was obtained at 48 h (about 438.14 mU/ml), and b-xylosidase at 62 h (0.29 U/ml).
The carbon catabolite repressor creA has been shown to be the regulatory protein binding at the transcriptional level in the promoter of many enzyme-encoding genes (Arst and Cove 1973; van der Veen et al. 1995; Shroff et al. 1996; Ruijter and Visser 1997; Strauss et al. 1999 ).
Here we have shown that the activity of endo-xylanase and b-xylosidase was lower in A28 than in the TA1 strain, and creA may therefore also be partly involved in the regulation of production of these enzymes. Endo-xylanase activity was detected in both strains when the xylose concentration in the medium was around 0.45% but the level of production was higher in the creA deleted strain). This demonstrates that xylose acted as an inducer while at the same time causing carbon catabolite repression. Expression of the A. nidulans endo-xylanase gene, XlnA, is controlled by at least three mechanisms: specific induction by xylan or xylose, carbon catabolite repression, and regulation by ambient pH (Orejas et al. 1999) . The highest activity of this enzyme was detected when glucose was depleted or all xylose was consumed. bXylosidase is one of the enzymes in the xylanase group involved in xylan degradation, cleaving short oligomers of xylan into xylose. It is encoded by the XlnD gene in A. nidulans, which is induced by xylose and xylan but is repressed by glucose ). bXylosidase activity was first detected when the xylose concentration in the medium was reduced to 0.15% in the creA deleted strain but b-xylosidase activity was not detected in the A28 (wild type) cultivation until all the xylose was depleted. The late appearance of b-xylosidase compared to endo-xylanase may be due to the fact that it is likely to be cell-wall associated ) and perhaps partially repressed by glucose and xylose. Induction effects by xylose and carbon catabolite repression mediated by creA of this enzyme were also found by Kumar and Ramón (1996) . As only enzyme activity was measured, the effects observed could be due to secondary effects, e.g. hyperbranching of the creA deleted strain as has been observed by Agger et al. (2001b) . This would be likely to result in altered processing of the culture (with regard to mixing and mass transfer, for example). In this study, extra-and intra-cellular xylitol concentrations were measured. Xylitol concentrations in the fermentation medium of the A28 strain were higher (58.7 mg/l) than in the fermentation medium of the TA1 strain (12.7 mg/l) (Fig. 3) . The highest intracellular xylitol concentration with the A28 strain was obtained after 33 h (3.42 mg/g) and with the TA1 strain, after 46 h (4.13 mg/ g; Fig. 3 ). The TA1 strain had a higher intracellular concentration of xylitol than the A28 strain, even when glucose was present in the fermentation medium. This shows that xylose metabolism was active even at high glucose concentrations. With lower extracellular concentrations of xylitol detected in the creA deleted strain than in the wild type, xylitol may affect the enzyme levels due to pleiotropic effects of the mutation in the creA deleted strain. Secretion of polyols due to intracellular overproduction and polyol catabolism in A. nidulans has been reported to be affected by carbon catabolite repression (van der Veen et al. 1995) .
To show whether glucose affected xylose utilisation, the intra-cellular enzyme activities of XR and XDH were also measured (Fig. 3c, d) . XR is the first enzyme involved in the xylose metabolism pathway and catalyses the reaction converting xylose to xylitol. At high concentrations of glucose, low activities of XR were detected in strain A28, whereas TA1 had higher activities of XR. XDH is the NAD + -dependent enzyme that catalyses the reaction converting xylitol to xylulose in the pentose phosphate pathway. As with XR, the activity of XDH was higher in the glucose de-repressed strain (TA1) compared with strain A28 at high glucose concentration. When glucose decreased, the XDH activity of A28 increased. These two intracellular enzymes follow metabolite levels (xylitol), they are both induced by xylose and xylitol and, at the same time, repressed by xylose and xylitol through the action of creA. 
